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Summary

Results on this project over the past three years have shown that the Bi and Tl-based
superconducting materials in bulk form are noticeably different from the Y-based 123
material in that superconductivity is considerably harder to achieve, maintain and
reproduce. This is due primarily to the difficulty in obtaining the higher Tc phase in
pure form since it commonly co-exists with other undesirable, lower Tc phases. In
particular, it has been found that long processing times for calcining and firing (20 - 200
hrs.) and close control of temperatures which are very near the melting point are
required in order to obtain higher proportions of the desirable, high Tc (2223) phase.

Thus far, the BSCCO bulk materials has been prepared in uniaxially pressed, hot
pressed and tapecast form. The uniaxially pressed material has been synthesized by the
mixed oxide, coprecipitation and melt quenching processes. The tapecast and hot
pressed materials have been prepared via the mixed oxide process. In addition, thick
films of BSCCO (2223 phase) have been prepared by screen printing on to yttria and
magnesia stabilized zirconia with only moderate success; i.e., superconductivity was
achieved in these thick films, but the highest Tc obtained in these films was 89.0K.

The Tc's of the bulk hot pressed, tapecast and screen printed thick film materials were
found to be 108.2, 102.4 and 89.0K, respectively.

When synthesizing both the mixed oxide and coprecipitated thin film materials,
which includes tapecasting, the best results occurred when the materials were sintered
under low oxygen atmosphere because the films could be sintered longer and became
more dense. This allowed a larger percentage of the 2223 phase to form. The BSCCO
thick films printed on MgO substrates and fired at 845°C for 1 hour had the highest Tc
of 89.0K. The Jc’s for all films were very low. This could be increased by making
denser, single phase films. A MgO buffer layer improved the electrical properties of the
BSCCO thick films, and the MSZ substrate was found to be the best material for this
work. The coprecipitated powder was preferred over the mixed oxide powder because a
larger percentage of the 2223 phase could be formed in a much smaller amount of time.

Research on the Tl-containing superconductors included preliminary investigations
into thick films produced via the acetate dip coat process and dielectrophoretic
deposition of bismuth containing superconducting films on silver substrates. Of these
two coating techniques, it appears dielectrophoretic deposition is a novel technique that
has the potential of developing superconductor coatings with preferred orientation.

Acetate dip coating produced 2223 TBCCO superconductor thick films when fired at
600°C for 30 minutes. Using this low temperature firing method, encapsulation is not
needed to contain the volatile thallium. It appears thick films produce a greater

proportion of the 2223 phase.
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Dielectrophoretic depositions were produced on silver wires. In this technique, high
voltage is applied between two electrodes which are immersed in a suspension of
superconducting powders and an insulating fluid. A non-uniform field is set up when a
voltage is applied to a wire electrode that is surrounded by a cylindrical counter
electrode. If the particle possesses a relatively high permittivity compared to the
suspending fluid, a dipole is created in the particle. The particle is then drawn to the
wire electrode due to the attraction of the dipole to the greater field intensity. Results
of dielectrophoresis depositions suggest that superconductor films may be produced with

particle orientation.



1. Introduction

This report details work that was carried out over the period from February, 1992
thru February, 1993, in the Ceramic Engineering Department of Clemson University
under NASA contract No. NAG-1-1108. The work described in this report covers the
third year of a program involving the development of high Tc superconducting circuit
elements in the Bi-Sr-Ca-Cu-O and TI-Ba-Ca-Cu-O compositional systems. This effort is
intended to build on the results of the previous contract (NAG-1-820) which involved
the development of the YBa,Cu,0,, (123) material in circuit elements; and more
specifically, a superconducting grounding link for the SAFIRE (Spectroscopy of the
Atmosphere using Far Infra-Red Emission) program.

The technology developed for the SAFIRE grounding link involves a rigid-structure
approach to superconducting elements rather than the flexible-wire idea promoted by
most other institutions. In principle, the rigid-structure concept is quite simple and is
tailor-made to take advantage of the inherent desirable properties of the
superconducting ceramics while at the same time recognizing the low strength and basic
brittleness of these materials. This is accomplished by pre-forming, sintering and testing
the ceramic superconductor prior to bonding it to a rigid supporting substrate which is
then totally encapsulated for further support and environmental protection. This
approach has the advantages of (1) pre-testing of the superconducting material separate
from the substrate, (2) optimization of the development of superconductivity in the
ceramic without temperature limitations imposed by the substrate, (3) wider selection of
substrate materials since the high temperature processing step precedes mounting of the
superconductor to the printed circuit board, (4) freedom from firing shrinkage and other
material compatibility problems and (5) high anticipated reliability because of its
simplicity, rigid design and total encapsulation from the environment.

The report is presented in two parts; i.e., Part I dealing with the Bi-based materials
and Part II covering work on the Tl-based materials.
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L Introduction

Since the discovery of a High T, superconducting phase in the
Bi-Sr-Ca-Cu-Q (BSCCO) system by Maeda and his coworkers in January

1988(1), extensive research has gone into the areas of processing,

characterization, phase equilibria, physical property measurement, and
device fabrication of these materials. Ceramic superconducting devices in
the Y-Ba-Cu-O, Bi-Pb-Sr-Ca-Cu-O and T1-Ba-Ca-Cu-O systems have been
fabricated at Clemson University using the rigid conductor process

(RCP)(2:3) for the SAFIRE (Spectroscopy of the Atmosphere using Far

Infra-Red Emission) program. Of the three material systems (yttrium,
bismuth and thallium) that superconduct above liquid nitrogen
temperature (77.3 K), the bismuth-based system seems to be the most
attractive because of the following reasons:

1) The high critical temperature (T ;) BSCCO 2223 phase has a
T, 17°K higher than that of the YBCO system.

2) The bismuth-based materials are less oxygen stoichiometry
sensitive than the yttrium-based materials.

3) The bismuth-based materials are much more resistant to
moisture degradation than the yttrium or thallium-based
materials because the bismuth-based materials do not
contain barium, which in a moist environment results in
the rapid formation of alkaline conditions on the sample
surface and accelerated degradation. This is basically due
to the formation of BaCOg.

4) The bismuth-based material has a higher intrinsic critical
current density (J,,) than the yttrium-based material and

with better grain alignment could possibly have higher
extrinsic J.

5) The bismuth-based materials are easier to prepare than the
thallium-based materials due to the extreme volatility of the

T1*3 which makes the results nonreproducible and
unreliable.
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6) The bismuth-based materials are less dangerous than the
thallium-based materials due to the poisonous nature of the Tl
vapors.

The BSCCO compound consists of an oxygen deficient perovskite layer
containing copper oxide planes sandwiched between bismuth oxide layers.
The number of copper oxide planes corresponds to the n in the chemical
formula Bi28r2Can_ICunOx where n =1, 2, or 3. As the number of copper
oxide planes increases, so does the critical temperature. The compounds
we are most concerned with are the BigSroCa;CugOy (2212 phase), which
hasa T,~ 80 Kand primarily the Bi281'20a20u30x (2223 phase), which
has a T,~ 110 K. The highest T, material is very difficult to synthesize in
phase-pure form because separation of the 2223 phase from the 2212 phase
is near impossible in bulk form. The 2223 phase has a very small sintering
temperature range and long sintering times are required to obtain bulk
material which is almost phase-pure. Many investigators found it
necessary to dope the BSCCO material with lead to achieve significant
quantities of the 2223 phase. They showed that the lead, although it is not
known why, increased the percentage of the 2223 phase' formed and acted as
a flux by decreasing the sintering temperature and time required to form

the 2223 phase(4'10). The lead was also shown to promote crystallization.

Another reason for doping the BSCCO material with lead is to increase the

apparent valence of copper. As with the lanthanum-based system, the

copper valence should be greater than 2+. By replacing some of the Bid+

with Pb2+, the apparent valence of copper is increased. Other phases that
were present in other investigators’ work were the 2201 and 2212 phases,
CagPbQy, (Ca, Sr)9Cu0g, a semiconducting phase, (Sr, Ca)xCuyOz, Cuq0,
(Ca, Sr)14Cug1047 and excess CuO. Some of these investigators believe that
the CagPbOy phase, the CuO and the 2212 phase interact with one another
by liquid phase sintering, precipitation, dissolution or in some other way to

form the 2223 phase(10'21). Besides lead, a number of other dopants have

been studied to determine if the superconducting properties could be
improved. Of the many dopants investigated, antimony was one of the
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additives which actually improved the electrical properties. Several
investigators showed that the critical temperature of the BSCCO
superconductor was increased with the addition of small amounts of

antimony(zz‘zs). Again, as with the lead, the antimony appears to enhance

the conversion of mixed phases and impurities to the 2223 phase, but the
mechanism behind this is not yet understood.

The amount of strontium in these superconductors has also been
investigated. It was shown that as the amount of strontium in the
superconductor was increased, the 2212 phase tends to form instead of the

2223 phase(26'29). The reason for this is that the 2212 phase is strontium-

rich and leaves the leftover calcium in the CagPbO,4 form. The optimum
amount of strontium was found to be somewhere between 1.6 and 1.95
moles. As a result of these ideas the composition decided upon for this
investigation was Bi1.6Pb0.4Sr1_9Ca2.050u3.050x or

Bi; gPbg 4Sbo.1Sr1.9032.05Cu3.050x when the effect of antimony additions
was investigated.

In trying to understand the 2223 phase formation of the bismuth-based
material, there are many variables which must be considered. First, the
lead doped BSCCO system is a five component system and understanding
the bulk system requires an understanding of the binary and tertiary
systems which make up the bulk system. Some of the phases formed from
the smaller systems become impurity phases of the bulk system or the
phases actually intergrow within each other. In either case, they are
difficult to get rid of. Secondly, the literature is contradictory and more
over, confusing. Many investigators have published data on the optimum
composition for formation of phase-pure 2223 based on powder X-ray
diffraction studies (XRD) and electrical property data. The investigators all
had different starting compositions, firing schedules and atmospheric
controls. Such disagreement implies that (1) cationic substitutions can
occur readily or (2) impurity phases are present and either dissolved to
form a glassy phase or their XRD peaks overlap with those of the 2223

phase(28). The same happens with temperatures, ranging from 827 °C to

890 °C, and atmospheres, which go from reducing to air to oxidizing. In all
cases, it appears that no one is really sure exactly what is going on. One
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thing is certain, there is still a lot of work to be done on the BSCCO system to
fully understand the mechanisms of formation for the different phases.
The most important parameters which influence the formation of the 2223
phase are chemical composition, atmosphere, powder preparation,
sintering time and sintering temperature. Also important, but rarely
mentioned in literature, is the particle size and distribution of the processed
powders. These affect the reactivity and density of the bulk superconductor,
which has been shown to not only be related to the phase formation but to
the final physical properties as well.

The bismuth-based material has been synthesized by several
techniques, including glass preparation, melt quenching, mixed oxides

and chemical coprecipitation routes(30-39), Chemical coprecipitation via

an oxalate route was chosen for this investigation because of the ability to
make very homogeneous and uniform powders. Powder prepared by the
mixed oxide process must be ground and calcined several times in order to
obtain a powder which gives reliable and reproducible results. However,
each time the material is ground or ball milled, impurities are introduced,
thus lowering the quality of the powder produced. Coprecipitated powder,
on the other hand, because of fine particle size, less than 1 pm, and high

purity, is more reactive and may not need to be calcined at alf38),

Although, some investigators have obtain good results using melt quenched
or glass prepared powders, we believe that the coprecipitation route is the
most reliable technique for this study. The BSCCO material had been
coprecipitated at Clemson University using the oxalate route with both the
acetates and nitrates. The nitrates were chosen over the acetates for the
bismuth-based material because copper acetate is soluble only in a basic
solution and bismuth acetate only in an acidic solution. The only problem

with the nitrates is the solubility of bismuth nitrate(38-40), Actually, the
bismuth nitrate powder was found to dissolve in a dilute nitric acid solution
quite easily.

Among all of the possible applications of high T superconductors,
electric wiring, high density data transmission lines, magnetic shielding
and hybrid technology are the areas in which the first high T, components
could be used. At this time, thick film technology appears to be the best



r

(i

(g

il

ol

o

tre { t

{

avenue for making these components. Table 1 shows different phases of
BSCCO thick films on a variety of substrate materials. The key substrate
materials shown are SrTiO3, MgO, Ag and the zirconia based substrates.
The major phases researched are 1112, 2212, 2223 and 4334. The properties
range from non-superconducting, due to film-substrate reaction or a
yellow-green insulating phase, to transition temperatures in excess of 100 K
on MgO. Cold rolling of the BSCCO thick film on silver also produced T's
greater than 100 K. The highest T, obtained on a YSZ substrate was 72 K.
Al9Og and quartz were shown to be poor substrate materials. Overall, the
best superconducting properties were obtained on the MgO substrates.
However, the stabilized zirconia substrates are preferred because of their
lower thermal conductivity. Some of the problems with thick film
technology are low density films and reactions between the substrate and
the film. To obtain BSCCO thick films with good properties, very dense,
single phase films are required. Long sintering times are necessary to
obtain these dense, single phase films. Reactions occurring between the
films and the substrate materials are intensified as the sintering times
increase. These reactions have been reported by other investigators and are
not altogether understood. What is known is that the reactions occurring at
the interface between the film and the substrate are the main barrier
inhibiting practical device design and understanding them could be the key
to avoiding them. Screen printing appears to be the easiest and most
economical way of depositing films onto the substrate. Other methods
which have been used are tapecasting, spray pyrolysis, molten oxide and
rapid quench methods. Due to the different phase transformations
occurring in the BSCCO system, fabrication of thick films is much more
complex than for other systems. Thick films in both the yttrium and
bismuth-based systems have been successfully fabricated at Clemson
University by tapecasting and screen printing.

To date, the results in the BSCCO system include synthesis of the
BSCCO material by mixed oxide, melt quenching and chemical
coprecipitation techniques in bulk, thick film and hot pressed forms.
Studies have been performed on the effect antimony additions, the number
of calcinations, pressing pressure and atmosphere have on the final
superconducting properties as well as the influence of resistance changes
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during sintering on phase formation. Table 2 summarizes these results.

This report contains the sample preparation procedure for the
bismuth-based materials synthesized in bulk, thick film and hot pressed
form by the nitrate and acetate based chemical coprecipitation, mixed oxide
and melt quench processes. It also contains data on the bismuth-based
superconducting grounding link and material results obtained since May,
1992.

II. Experimental Procedure

As previously stated, the composition decided upon for this
investigation was Bij gPbg 4Srq gCag o5Cug 0504 or
Bi1_6Pb0‘4Sb0_ISrl.QCa2_050u3.05Ox when the effect of antimony additions
was investigated.. All of the materials were first tested for the Meissner
effect. The critical temperature and critical current density for both the
bulk and the tapecast materials were evaluated using a standard four point
method. The resistance was measured by a Keithley, Model 580, micro-

ohmmeter with a sensitivity of 106 Q. The critical currents were measured

using a 1 uV per mm standard by a Keithley, Model 197, Autoranging
MicroVolt DMM. In addition, the structures of the samples were examined

by powder X-ray diffraction (XRD) using Cu Kd radiation. Scanning

electron microscopy (SEM) and Optical microscopy (OM) were used to
observe the homogeneity and surface morphology of the materials. Energy
Dispersive X-ray Analysis (EDAX) was used to confirm the composition of
all materials. BET Surface Area Analyzer and Micromeritics Sedigraph
was used to determine the particle size and distribution of the BSCCO
materials. Differential Thermal Analysis (DTA) was used to determine the
thermal effects of the BSCCO materials. The electrodes for all materials
were applied using a commercial silver paste, C8710 from Heraeus Inc,,
Cermalloy Division, and fired at 845 °C for eighteen minutes.

1. Coprecipitation Process - Nitrate

Figure 1 shows the preparation process for the coprecipitated bulk
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bismuth-based material and Figure 2 shows the process for the tapecast
bismuth-based material. In both cases the starting materials were
Bi(NOg)3, in a dilute nitric acid solution, Pb(NQOg)g, Sr(NOg)o,
Ca(NOg)g*4H90 and Cu(NOg)g*2.5H90. The materials were weighed out
according to the batch information sheet shown in Table 3. In the case
where small additions of antimony were added, SbgOg(As = 0.035%) from
Metal and Thermit Corporation was used since a nitrate form of antimony
was not available. The bismuth nitrate solution was poured into a beaker
and the other constituents were added one at a time, until each dissolved in
the dilute nitric acid solution. Distilled water was added periodically to aid
in this process. The solution was constantly stirred by a magnetic stirrer.
Once all the constituents were dissolved, a twenty percent excess aqueous
solution of oxalic acid was added and stirred for twenty minutes. During
this time, the pH was adjusted to approximately 3.5 with ammonium '
hydroxide. The solution was then dried in a vacuum oven for twelve hours.
After drying, the powder was heated to 600 °C for two hours in an alumina
crucible to burn off all of the organic radicals. This precalcined powder
was then ground and pressed into pellets and sintered at 845 °C for thirty
hours in air or calcined at 830 °C for twelve hours in air. The calcined
powder was then ground with a mortar and pestle for processing into bulk
and tapecast material or calcined again at 830 °C for twelve hours in air.
For the bulk material, the calcined and precalcined powder was sintered at
845 °C for twenty-four to thirty hours hours in air. These materials were
then electroded and tested. For the tapecast material, only calcined
material was used to cast tape. The calcined powder was ball milled with
trichloroethylene for one hour and dried at 100 °C for eighteen hours. The
dried powder was then mixed with a commercial binder, B73305 from
Metoramic Sciences, Inc., in the ratio of 100 grams of powder to 45 grams of
binder and ball milled for one hour. The mixture was deaired for ten

minutes and tapecast by a conventional tapecasting processes(57). The tape
was cut into strips with the dimensions 25.4 mm x 2.0 mm x 0.5 mm. The
strips were sintered covered at 845 °C for twenty-four to fifty hours in air
and sintered covered at 845 °C for twenty-four to fifty hours in a low oxygen
atmosphere. Both process used the furnace schedule seen in Figure 3.
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2, Coprecipitation Process - Acetate

Figure 4 shows the preparation process for the coprecipitated bulk
bismuth-based materials. The starting materials were Bi(O9CoHg)g,
S0oCoH3)3, Pb Subacetate in methanol and acetic acid, Sr(O9CoHglg in
water, Ca(O9CoHg)g* HoO in water and Cu(O9CoHglge HoO. The materials
were weighed out according to the batch information sheet shown in
Table 4. The bismuth acetate and antimony acetate were put in a beaker
and dissolved with acetic acid. Then, the solutions of strontium, calcium
and lead were poured into the beaker as well as some methanol. When -
everything had dissolved, the solution was made basic with ammonium
hydroxide and the copper acetate was added. The solution was constantly
stirred by a magnetic stirrer. Once the copper acetate dissolved, the
solution was changed to acidic with acetic acid and the excess solution of
oxalic acid and methanol was added and stirred for twenty minutes. The
solution was then dried in a vacuum oven for twelve hours. After drying,
the powder was heated to 600 °C for two hours in an alumina crucible to
burn off all of the organic radicals. This precalcined powder was then
ground and pressed into pellets and calcined at 830 °C for twelve hours in
air. The calcined powder was then ground with a mortar and pestle for
processing. For the bulk material, the calcined and precalcined powder
was sintered at 845 °C for twenty-four hours in air using the furnace
schedule seen in Figure 3. These materials were then electroded and
tested.

3. Melt Quench Process Via‘ Mixed Oxides

Figure 5 shows the preparation process for the bulk bismuth-based
materials. The starting materials were BigO3, PbO, SbgQOg, SrCO3, CaCOg
and CuO. The powders were weighed out and ball milled with distilled
water for one hour and dried at 100 °C for eighteen hours. The dried
powder was then calcined once in an alumina crucible at 820 °C for twelve
hours. The calcined powder was then ground with a mortar and pestle for
melt processing. The powder was then melted in an alumina crucible at
1200 °C for twenty minutes in air and rapidly cooled to 1100 °C for two hours
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in air. The crucible was removed from the furnace and the BSCCO melt
was quenched in a stainless steel pan. When the material cooled to room
temperature, it was cut and subjected to an additional heat treatment at
temperatures ranging from 845 °C to 865 °C for twenty-four hours in air.
The samples were then electroded and tested.

4, BSCCO Thick Film

The MgO, YSZ (Yttria Stabilized Zirconia), and MSZ (Magnesia
Stabilized Zirconia) substrates for this work were made using standard

tapecasting processes(57). The different substrate tapes were cut into strips

with the approximate dimensions 45 mm x 13 mm. The silver substrates
were cut from 0.127 mm silver foil with the same dimensions as the
tapecast substrates. The yttria content in the YSZ substrates varied from
6% to 12% and the magnesia content in the MSZ substrates varied from 8%
to 12%. The tapecast substrates were fired between 1500 °C and 1600 °C for
four hours in air. Some of these substrates were coated with different
buffer layer materials to determine if the reactions between the films and
the substrates could be reduced. An MgO buffer layer was used because of
the good superconducting properties observed from the films on the MgO
substrates. Several BSCCO compounds were also tried as buffer layer
materials. The buffer layers were applied by the dip coating process, which
can be seen in Figure 6, at 600 °C for 3 minutes per layer. The number of
layers applied to the substrates varied from five to twenty layers. After
coating, the substrates were annealed at temperatures ranging from

1400 °C to 1600 °C for one haur. All of the thick films were screen printed
onto the various substrates. The screen print dimensions were 1.50 in. x
0.25 in. The paste for screen printing was made from nearly single phase
coprecipitated BSCCO powders mixed with alpha terpineol, binder, toluene
and ethanol in the ratio of 25:7:1:1:1. A flowchart for this process can be
seen in Figure 7. After the films were printed onto the substrates, they
were dried at room temperature for twelve hours and sintered at
temperatures ranging from 830 °C to 890 °C for times ranging from one to

twenty-four hours.
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5. In-Situ Resistivity Development

In electronic materials, the resistance of the material has a major
effect on its physical properties. In superconductivity, it is used to define
the material. The resistance of a material must be zero for that material to
be classified as a superconductor. Because of this, an in situ resistivity
development study was undertaken to determine if a correlation between
the resistance of the material during sintering and the formation of the
2223 phase existed. If so, this could aid in determining the optimum firing
conditions for the BSCCO materials.

The powder for this study was made by the coprecipitation process
described in section II.1. Precalcined, once and twice calcined powder was
used for this study. The electrode materials were silver wires of 0.25 mm
and 1 mm diameter. The wires were cleaned using a commercial jewelry
cleaner and distilled water prior to use. Each of the test samples consisted
of twenty-five grams of powder and the silver wires were pressed into the
BSCCO pellets using a pressing force of 20,000 psi. Once the electrodes
were embedded into the sample, it was sintered at 845 °C for twenty-four to
seventy-two hours or until one of the silver wires broke. A low oxygen (6%
Og/94% Ng) atmosphere was used to reduce the oxidation or degradation of
the silver wires. The embedded silver wires were connected to the Keithley,
Model 580, micro-ohmmeter and data points were taken every fifteen
minutes using a 100 mA DC testing current. An IBM 386 SX-20 computer
acquired the data from the micro-ohmmeter via HPIB (IEEE-488 Bus)
interface.

IIL. Results and Discussion
1. BSCCO Bulk and Tapecast Materials

Figure 8 shows the resistance versus temperature curve for the hot
pressed BSCCO coprecipitated compact which was prepared at 845 °C for
six hours in oxygen at 5000 psi. The curve showed that the material had a
transition to the superconducting state at 84.0 K. Figure 9 shows the
resistance versus temperature curve for the same compact with an
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additional twenty-four hour heat treatment at 845 °C in air. The curve
showed that the material now has a sharp transition to the
superconducting state at 108.1 K. This material is now less dense, the bulk
density dropped from 6.21 to 6.08 g/cc, but the additional twenty-four hour
heat treatment has increased the T, by 24 K. Thisis comparable to the data
acquired from the mixed oxide materials. In those materials, the T

increased from 83.3 K to 108.2 K8, This again shows the influence that

pressure has on the conversion of the lower T, phase to the higher T,
phase. The higher pressure causes conversion in a substantially shorter
amount of time due to the compact being much more dense and uniform.
For a comparison with the nitrate based material, the chemically
coprecipitated acetate based material was synthesized. The T, of the
uniaxially low pressure sample was 104.1 K, which was approximately the
same as the results obtained from the nitrate powder which was 104.4 K.
Again, as with the mixed oxide materials, the number of calcinations
had a major effect on the superconducting properties of the bulk material.
In the hot pressed material with no additional heat treatment, shown in
Figure 10, the one time calcined material did not superconduct, while the
two times calcined material had a T, of 84.0 K. The same two compacts
with an additional heat treatment of twenty-four hours at 845 °C in air,
shown in Figure 11, showed that the one time calcined material had a T of
106.4 K, and the two times calcined material had a higher T,0f108.2K
Three times calcined coprecipitated powder has not yet been used to
produce the hot pressed material. Conversely, in the uniaxially pressed
materials, the critical temperature decreased as the number of calcinations
increased. Figures 12 through 14 show the resistance versus temperature
curves for the uniaxially pressed BSCCO coprecipitated compacts which
were calcined once, twice and three times at 830 °C for twelve hours. These
materials were then sintered at 845 °C for twenty-four hours in air. The
pressing pressure used to press these materials was 15000 psi. The
decrease in critical temperature was most probably due to the increased
amount of the 2212 phase being formed during the calcination period. This,
in turn, slowed down the conversion to the 2223 phase during sintering.
Due to the results obtained from other investigators, the mixed oxide
and chemically coprecipitated powders, both acetate and nitrate based,
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were doped with antimony. Figure 15 shows the resistance versus
temperature curve for the BSCCO nitrate based coprecipitated compact
doped with lead and antimony. The T, of 106.5 K was not as high as was
seen in literature but it was slightly higher than the Tc of the lead doped
BSCCO compact which was 104.8. Similarly, the acetate based
coprecipitated compact doped with lead and antimony had a Tc of 105.3 K
which was higher than lead doped BSCCO acetate based compact’s T¢ of
104.1 K. The resistance versus temperature curve for the BSCCO acetate
based coprecipitated compact doped with lead and antimony can be seen in
Figure 16. These materials were calcined once at 830 °C for twelve hours
and sintered at 845 °C for twenty-four hours in air. Low pressing pressures
were used to press these materials. The melt quenched mixed oxide )
powders doped with lead and antimony did not show superconducting
behavior at liquid nitrogen temperature. Figure 17 shows the resistance
versus temperature curve for the BSCCO melt quenched compact doped
with lead and antimony. The sections were sintered at 855 °C for twenty-
four hours in air.

All of the powder used to make the mixed oxide tapecast material was
calcined three times and the powder used to make the coprecipitated
tapecast material was calcined at 830 °C for twelve hours. There was a
problem with the mixed oxide tapecast material, in that, after thirty hours
sintering a percentage of the tapes started to curl and fracture. As the
sintering time increased so did the percentage of unacceptable tapes.
Initially, the problem was alleviated by covering the tapes and sintering
them at 845 °C. Better results were obtained using this method but these
tapes partially reacted with the setter plate. Although, curling was not a
problem with the coprecipitated tape, low strength was. Both of these
problems were solved by firing the tapes in a low oxygen atmosphere. The
T¢’s remained virtually the same, 101.5 K versus 101.7 K for the mixed oxide
tapecast material and 102.4 K versus 102.1 K for the coprecipitated tapecast

material(®®). The mixed oxide tapecast material no longer needed to be
covered and all of the tapes appeared to be stronger. A resistance versus
temperature curve for the coprecipitated tapecast material, which was

sintered for thirty hours in the low oxygen atmosphere, can be seen in
Figure 18.
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The highest critical temperature achieved for the superconducting
grounding links that were made from the coprecipitated tapecast material,

to date, is approximately 101 K.

2. BSCCO Thick Films

MgO was the first substrate material chosen for the BSCCO thick film
material based on the data in Table 1. Figure 19 shows a resistance versus
temperature curve for a coprecipitated screen printed thick film which was
sintered for one hour at 845 °C in air and had a T, of 89.0 K. Figure 20
shows an SEM micrograph of the BSCCO thick film on the MgO substrate.
It is evident from the microstructure that the film is not very dense, this is
due primarily to the short sintering time. As previously stated, longer
sintering times are required for denser films and denser films are required
for improved properties. The results obtained from the films on the MgO
substrates are not bad considering that the substrates were made in house
and not purchased for better quality. Once good results were obtained on
the MgO substrates, the focus was directed toward the stabilized zirconia
substrates.

Figure 21 shows the progression of the YSZ substrate from the zirconia
powder through the annealing of the substrate to the application and
annealing of the buffer layer from the Xray diffraction data. Comparing
the YSZ substrate to that of the JCPDS (Joint Committee on Powder
Diffraction Studies) card # 30-1468 for YSZ in Figure 22, one can see that the
substrate without a buffer layer was not pure YSZ. This could have been a
major factor contributing to the reactions between the film and the
substrate. When the substrate was coated with the an MgO buffer layer and
annealed at 1500 °C, the XRD pattern matched that of YSZ with the
additional MgO peak due to the buffer layer. Figure 23 shows the resistance
versus temperature curves for the BSCCO thick films printed on the 10 %
YSZ substrates and sintered for three hours at 845 °C in air, with and
without the MgO buffer layer. The curves show that the buffer layer
definitely improves the electrical properties of the thick film printed on

YSZ, although both films were non-superconducting at liquid nitrogen
temperature. The amount of reaction with the substrate was reduced with
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the addition of the buffer layer but the reactions still occurred. Since the
MgO buffer layer changed the phase of the YSZ substrate, the structural
integrity of the buffer layer was in question. However, from the Xray data of
the top and bottom of the YSZ substrate, shown in Figure 24, it is clear that
the MgO peak only occurs on the top of the substrate indicating that this
was, in fact, a buffer layer and not a reaction between the MgO layer and
the YSZ substrate. An SEM micrograph, shown in Figure 25, of the MgO
buffer layer showed microcracks in the buffer layer which explains why the
reactions, although reduced, were still occurring. The next step was to
consider the amount of yttria used to stabilized the zirconia substrate.
Figure 26 shows the resistance versus temperature curves for the BSCCO
thick films printed on the 8 % YSZ substrates and Figure 27 shows the
resistance versus temperature curves for the BSCCO thick films printed on
the 6 % YSZ substrates. All were sintered for three hours at 845 °C in air,
with and without the MgO buffer layer. In each case, the buffer layered
substrate provided better electrical properties than the substrate without a

_ buffer layer. In addition, as the amount of yttria used to stabilize the

zirconia decreased, the electrical properties improved. However, none of
the samples superconducted at liquid nitrogen temperature.

Several BSCCO buffer layers were also tried with the YSZ substrates.
Figure 28 shows a resistance versus temperature curve for a BSCCO thick
film printed on the BSCCO / YSZ substrate and sintered for one hour at
845°C in air. The Tc was 88.4 K which was comparable to the results
observed on the MgO substrates. The only drawback was that the BSCCO
buffer layer itself showed metallic behavior after being sintered at 880 °C in
air for 10 minutes. The resistance versus temperature curve for the
BSCCO / YSZ substrate can be seen in Figure 29. The other BSCCO buffer
layers tried did not adhere to the substrate. Silver was also used as a
substrate material for the BSCCO thick films. No reactions were observed
from the BSCCO thick film sintered in air at 845 °C for 24 hours but an
apparatus sensitive enough to measure the properties was not available.

Due, again, to the results obtained by other investigators on MgO and
the fact that the MgO buffer layer would be more compatible with a
magnesia based substrate, MSZ was used as a substrate material.

Figure 30 shows the Xray diffraction pattern obtained from the MSZ



substrates with and without a buffer layer. These patterns show that this
substrate is a pure stabilized zirconia substrate as opposed to the YSZ ones.
In addition, the pattern shows the MgO peaks after the buffer layer had
been applied. There were some problems applying the buffer layers to the
MSZ substrates. After approximately seven layers the substrates started to
break apart. When the bottom side of the substrate was Xrayed, shown in
Figure 31, the MgO peaks appeared on both gides which confirmed the
suspicion that the substrate was breaking apart due to the MgO solution
reacting with the MSZ substrate. Figure 32 shows a resistance versus
temperature curve for a BSCCO thick film printed on a 12 % MSZ substrate
without a buffer layer. Due to the metallic behavior of the sample without
the buffer layer, which was the best electrical property observed from the
stabilized zirconia substrates, it was believed that the MSZ substrate was
the best possible substrate for further study. A differential thermal
expansion curve, shown in Figure 33, was performed to see which
substrate was better in terms of thermal expansion mismatch. The
thermal expansion of the BSCCO material was determined to be
approximately 12 x 10-6 in/in °C (58), which is very close to that of the MSZ
substrate.

Based on the results obtained from the tapecast materials, the BSCCO
thick films were fired on 12 % MSZ substrates at 845 °C for two hours under
a low oxygen atmosphere. Figure 34 shows the resistance versus
temperature curve for the BSCCO thick films printed on the 12 % MSZ
substrate with a five coat buffer layer and without a buffer layer. The buffer
layer improved the properties again, this time by 7 K. Both thick films
superconducted at transitions of 82 K and 89 K respectively. Figure 35
shows the microstructure of two BSCCO thick films. The dense thick film
superconducted at 87 K and the porous thick film did not superconduct at
liquid nitrogen temperature. These results reinforce the theory that the
film must be dense to have the best superconducting properties.

3. In-Situ Resistivity Development

Figure 36 shows the resistivity data taken using the 0.25 mm silver
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wires and one time calcined powder. The top graph is the entire run from
the initial dwell at 845 °C until a silver wire broke after sixty-four hours.
The bottom graph is a close up view of the specific areas of interest. Area 1
starts at the beginning of the 2223 phase formation and continues on
through area 2. The break in between the two areas was due to the
degradation of the silver wire. In area 3, the temperature was raised to
855 °C to see the effect on the material through the resistance. As one
would expect from a material which shows metallic behavior, an increase
in the temperature causes an increase in the resistance. The opposite was
the case in area 4. The temperature was reduced to 835 °C and the
resistance dropped along with it. Figure 37 shows the same run using new
powder and silver wire. This time when the silver wire degraded it broke
immediately after forty-two hours. These two curves show the influence of
the silver wire on the resistance and the unreproducible nature of this
particular setup. Because of the difficulty and problems of using the
0.25mm silver wires, the 1 mm wire was used in the next run and the
powder used was calcined twice. Figure 38 shows the 2 cycle graph where
each cycle lasted twenty-four hours. The purpose of this was to determine
whether or not a single sample’s resistance curve would be reproducible.
By using the two times calcined powder the curves appeared much more
regular and controlled. A very interesting point of this run was that the
second cycle had a higher dwell resistance than the first cycle. This
seemed exactly opposite of what one would expect. The most interesting
aspect of the resistivity data is shown in Figure 39. This was the heating
curve shown in Figure 38. If the curve would have been run against
temperature instead of time, then a resistance versus temperature curve
could have been graphed from 77.3 Kto 1118 K (845°C). Even so, it is easy to
see from the time data that the metallic behavior continues all the way to
the sintering temperature of 845 °C.

IV. Conclusions

In conclusion, to produce coprecipitated hot pressed material with the



best properties the starting material should be calcined at least two times, but
for uniaxially pressed materials the starting material should be calcined only
once. Higher pressing pressures have, again, shown to produce powders
which have better electrical properties than those produced from the lower
pressing pressures. Doping the BSCCO material with antimony increases
the critical temperature but not to the extent that other invesigators have
seen. The acetate and nitrate based coprecipitated powders have
approximately the same electrical properties. When synthesizing both the
mixed oxide and coprecipitated thick film materials, which includes
tapecasting, the best results occur when the materials are sintered under a
low oxygen atmosphere because the films can be sintered longer and become
more dense. This allows a larger percentage of the 2223 phase to form. The
BSCCO thick films printed on MgO substrates and fired at 845°C for 1 hour
had the highest T, of 89.0 K. The J,, for all films is very low due to the poor
interconnections. This could be increased by making denser, single phase
films. The MgO buffer layer improved the electrical properties of the BSCCO
thick films and the MSZ substrate is considered to be the best substrate for
this work. The coprecipitated powder is preferred over the mixed oxide
powder because a larger percentage of the 2223 phase can be formed in a
much smaller amount of time.
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